Abstract.-The mitochondrial genome is one of the most frequently used loci in phylogenetic and phylogeographic analyses, and it is becoming increasingly possible to sequence and analyze this genome in its entirety from diverse taxa. However, sequencing the entire genome is not always desirable or feasible. Which genes should be selected to best infer the evolutionary history of the mitochondria within a group of organisms, and what properties of a gene determine its phylogenetic performance? The current study addresses these questions in a Bayesian phylogenetic framework with reference to a phylogeny of plethodontid and related salamanders derived from 27 complete mitochondrial genomes; this topology is corroborated by nuclear DNA and morphological data. Evolutionary rates for each mitochondrial gene and divergence dates for all nodes in the plethodontid mitochondrial genome phylogeny were estimated in both Bayesian and maximum likelihood frameworks using multiple fossil calibrations, multiple data partitions, and a clock-independent approach. Bayesian analyses of individual genes were performed, and the resulting trees compared against the reference topology. Ordinal logistic regression analysis of molecular evolution rate, gene length, and the F-shape parameter a demonstrated that slower rate of evolution and longer gene length both increased the probability that a gene would perform well phylogenetically. Estimated rates of molecular evolution vary 84-fold among different mitochondrial genes and different salamander lineages, and mean rates among genes vary 15-fold. Despite having conserved amino acid sequences, coxl, cox2, cox3, and cob have the fastest mean rates of nucleotide substitution, and the greatest variation in rates, whereas rrnS and rrnL have the slowest rates. Reasons underlying this rate variation are discussed, as is the extensive rate variation in coxl in light of its proposed role in DNA barcoding.
During the past 15 years, mitochondrial DNA sequences have been used extensively to reconstruct genealogical relationships, in part because of their high copy number per cell, available primer sequences, and low rates of recombination (Avise, 2004; Randi, 2000) . Although complete mitochondrial genome sequences are becoming easier to obtain and analyze, it is not always feasible or desirable to sequence the genome in its entirety. Because the success of molecular phylogenetic and phylogeographic studies depends in large part on the appropriate choice of marker, deciding which genes to use to infer the mitochondrial gene tree within a group of organisms remains an important issue in phylogenetics. Furthermore, recent proponents of DNA barcoding have advocated the use of one common molecular marker for species assignment and cryptic species discovery across the tree of life; the choice of such a marker is clearly critical to the success of this project. Several empirical studies investigating the phylogenetic performance of mitochondrial protein-coding and tRNA genes were undertaken during the last decade (Russo et al., 1996; Zardoya and Meyer, 1996) , and these studies are still commonly cited in support of choosing particular markers. However, such studies were carried out before the development of currently available methods for obtaining clock-independent estimates of rates of molecular evolution, and both failed to demonstrate any clear relationship between evolutionary rate and the phylogenetic performance of genes, although some such relationship may be expected (Graybeal, 1994; Yang, 1998 ). In contrast, gene length did appear to be correlated with phylogenetic performance. Among-site rate heterogeneity, although shown to affect phylogenetic performance by simulation-based studies, was not explicitly addressed in these empirical studies (Graybeal, 1994; Yang, 1995 Yang, , 1996 .
Primer design for amplification of any genomic region is becoming possible because of the increasing availability of complete mitochondrial genome sequences for diverse taxa. As a result, marker choice is no longer constrained by primer availability; instead, it can draw on empirical phylogenetic performance comparisons among genes and an understanding of the underlying processes of molecular evolution dictating such performance differences. More extensive empirical examinations of all mitochondrial genes, including the ribosomal RNAs, that take advantage of today's larger data sets and improved analytical techniques are therefore warranted. To that end, the current study investigates the relative phylogenetic performance of mitochondrial genes, and the characteristics that dictate such performance, using 27 complete mitochondrial genome sequences of salamanders. The phylogeny resulting from diverse analyses of the complete genome sequences (Mueller et al., 2004 ) is used as a reference topology. An additional outgroup sequence from the frog, Discoglossus galganoi, is included to establish the root of the salamander tree for divergence date estimates. This topology is corroborated in large part by analyses including the nuclear RAG-2 gene and morphological characters (Chippindale et al., 2004) . Future studies encompassing different time scales and taxonomic groups will indicate the extent to which the patterns observed in salamanders can be generalized, and they may also highlight potentially interesting differences in patterns of molecular evolution among groups that affect marker choice for phylogenetics.
Recent advances have enabled relaxation of the assumption of clock-like rates of molecular evolution, 290 SYSTEMATIC BIOLOGY VOL. 55 allowing estimation of changing rates across a phylogeny (Sanderson, 2002; Thorne et al v 1998) . In addition, techniques have been developed for the simultaneous analysis of multiple gene data sets to determine both the rates of evolution of individual genes and the divergence dates of nodes in a phylogeny (Thorne and Kishino, 2002; Yang and Yoder, 2003) . To examine the effect of rate of evolution on phylogenetic performance, I estimated nucleotide substitution rates for each mitochondrial gene and divergence dates for each node in the salamander mitochondrial genome phylogeny in both Bayesian and maximum likelihood frameworks using multiple fossil calibrations, multiple data partitions, and a clockindependent approach. To examine the effect of amongsite rate heterogeneity on phylogenetic performance, I estimated each gene's F shape parameter a, assuming no invariant sites. I performed individual gene phylogenetic analyses and asked the extent to which each gene recovered the whole-genome reference topology. I then performed ordinal logistic regression analysis to examine the extent to which rate, a, and gene length predicted the phylogenetic performance of individual genes. I explore various patterns of rate heterogeneity and rate correlation, both within and among mitochondrial genes, and discuss both their possible underlying causes and their effects on phylogenetic analysis. Finally, I address the practical issue of whether or not the assumptions made by DNA barcoding are met by the mitochondrial coxl gene, recently proposed as an appropriate universal DNA barcode.
MATERIALS AND METHODS
Twenty-four complete mitochondrial genomes of plethodontid and related salamanders were sequenced, assembled, annotated, combined with three additional sequences from GenBank, aligned, and subjected to phylogenetic analyses as described in Mueller et al. (2004) (GenBank accession numbers AY728229, AY728215, NC006325-006346, NC002756, NC004926, NC004021; TreeBase accession number S1139). In order to root this salamander topology for estimates of divergence dates and molecular evolution rates, the mitochondrial genome sequence of the frog Discoglossus galganoi (GenBank accession number NC006690) was included in an additional partitioned Bayesian analysis implemented using MrBayes v3.04b. Flat Dirichlet distributions were used as priors for substitution rates and base frequencies, and default flat prior distributions were used for all other parameters. Metropolis-coupled Markov chain Monte Carlo (MC 3 ) analyses were run with one cold and three heated chains (temperature set to the default = 0.2) for 15 million generations and sampled every 1000 generations; the first 10 million generations were discarded as burn-in. The data set was divided into the following six partitions in order to improve the fit of the substitution model to the data in light of heterogeneous nucleotide substitution processes: first codon positions, second codon positions, third codon positions, concatenated tRNA genes, rrnh (16S), and rrnS (12S).
Models were selected for each partition using AIC implemented in MrModelTest (v.l.lb), modified from MODEL-TEST (Posada and Crandall, 1998) 
Estimates of Divergence Dates
The complete salamander mitochondrial genome data set (concatenation of the 13 protein-coding genes, 22 tRNA genes, rrnS, and rrnh) was analyzed for the presence of clock-like patterns of molecular evolution using the software PATH (Britton et al., 2002) and the topology and branch lengths yielded by a partitioned Bayesian analysis with 42 partitions published elsewhere (Mueller et al., 2004 ) ("whole-genome topology" hereafter; see Fig. 1 ). Because the data set did not conform to a molecular clock, divergence dates were estimated in both maximum likelihood and Bayesian statistical frameworks without the assumption of constant evolutionary rates. Analyses were based on the whole-genome topology rooted with D. galganoi. Five nodes were assigned age constraints based on known fossil dates: the common ancestor of Hydromantes italicus and Hydromantes brunus was constrained to be at least 13.75 million years old (Venczel and Sanchiz, 2005) ; the common ancestor of Plethodon cinereus, Plethodon petraeus, and Plethodon elongatus was constrained to be at least 23 million years old (Tihen and Wake, 1981) ; the common ancestor of Aneides hardii and Aneides flavipunctatus was constrained to be at least 23 million years old (Tihen and Wake, 1981) ; and the common ancestor of Andrias davidianus and JRanodon sibiricus was constrained to be at least 161 million years old (Gao and Shubin, 2003) . Finally, in the Bayesian analysis, the common ancestor of all represented salamander lineages was constrained to be a maximum of 250 million years old based on the earliest stem frog fossil, Triadobatrachus massinoti (Rage and Rocek, 1989) . For the penalized likelihood analysis, this node was necessarily fixed at 205.5 million years, midway between its minimum (161 million years) and maximum (250 million years) ages. Divergence date estimates were obtained using penalized likelihood implemented in r8s (Sanderson, 2002 ) (divtime method = PL, algorithm = TN). In an initial analysis, the crossvalidation function was used to select the appropriate value (between 1 and 1000) of the smoothing parameter A. (crossv = yes, cvstart = 1, cvinc = 100, cvnum = 10). Results from this initial analysis indicated an optimal A.=l, which was specified in a second analysis to determine divergence dates (crossv = no, set smoothing = 1).
Divergence date estimates were also obtained in a Bayesian framework using the multidivtime software package, which allows partitioning of the dataset into separate genes or subsets (Thorne and Kishino, 2002; Thorne et al., 1998 Ranodon sibiricus (Hynobiidae) FIGURE 1. Phylogenetic relationships among plethodontid salamanders and representatives from five other salamander families based on a partitioned Bayesian analysis with 42 data partitions (Mueller et al., 2004) . All branches supported with a PP > 0.95 are designated by a letter, and unsupported branches are indicated by "-." This topology serves as the reference topology for analyses of the phylogenetic performance of individual genes. A majority of the main clades are also recovered and supported by a combined morphological, nuclear DNA, and mitochondrial DNA dataset (RAG-1, partial cob, and nad4 genes) (Chippendale et al., 2004) , although the taxa examined in these two studies are not identical. The position of Hemidactylium scutatum differs in that analysis, but is not supported. This topology is shown rooted with Andrias davidianus + Ranodon sibiricus. The basal position of A. davidianus + R. sibiricus was confirmed by inclusion of a frog outgroup, Discoglossus galganoi, in an additional partitioned Bayesian analysis that placed the root of the salamander tree between A. davidianus + R. sibiricus and the remaining representative salamander lineages; all other relationships were unchanged by the inclusion of D. galganoi.
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VOL. 5 5 the concatenated tRNAs, but the two strategies differed in the partitioning of protein-coding genes; 6p defined a separate partition for all first codon positions, all second codon positions, and all third codon positions, whereas 16p defined a separate partition for each of the 13 proteincoding genes. For each partition, the baseml program of the software package PAML (version 3.14) (Yang, 1997) was used to estimate the following model parameters under the F84+F model of nucleotide substitution, the most parameter-rich model implemented by the software: nucleotide frequencies, transition/trans version ratio K, and the shape parameter a of the discrete F distribution of rates among sites. The program paml2modelinf was used to transform the output from the baseml program into the appropriate input file format for the program estbranches; both programs are contained in the multidivtime software package. For each partition, estbranches was used to estimate both the maximum likelihood of the branch lengths and the variance-covariance matrix of the branch-length estimates. Finally, the program multidivtime was used to approximate the posterior distributions of divergence dates for each node and substitution rates for each gene /data partition using both the 6p and 16p partitioning strategies. The whole-genome topology rooted with Discoglossus galganoi was used for all baseml, estbranches, and multidivtime analyses. The following settings and priors were used in both the 6p and 16p multidivtime analyses: (1) the length of the Markov chain, sampling frequency, and burn-in period were set to default values of 1,000,000 generations, every 100 generations, and 100,000 generations, respectively; (2) parameter values of 1, 0.1, 0.5, 0.5, and 7 were specified for the ft prior on proportional branch depth, the three Markov chain proposal stem parameters, and the absolute upper bound on the divergence date of the root (time unit = 100 Myr); (3) the priors for root date and the standard deviation of the root date were both set to 205 million years following the recommendation of the software author (J. L. Thorne) that these two values be equal; (4) similarly, the priors for rate of evolution at the root branch and the standard deviation of the root branch rate were both set to 0.57 substitutions/site/100 Myr, which is the average mean distance from the ingroup root to the tips divided by 205 million years; (5) the priors for both the brownian motion constant v and the standard deviation of v, which control the amount of variance in rate of evolution, were set to 1. All multidivtime analyses were run twice, and the resulting divergence dates were checked for congruence to ensure that the Markov chain reached stationarity.
Estimates of Rates of Molecular Evolution
The multidivtime analysis partitioned by gene (16p) yielded both divergence dates for each node and evolutionary rates for each gene. However, these divergence dates (results not shown) differed from the dates yielded by both the multidivtime analysis partitioned by codon position (6p) and the penalized likelihood analysis (see Table 1 ). Because the fit of the substitution model to the data is better when the data set is partitioned by TABLE 1. Estimated divergence dates for branches in the plethodontid phylogeny using both Bayesian (multidivtime) and penalized likelihood (r8s) methods. The Bayesian and penalized likelihood age estimates were both obtained using six data partitions (6p).
c Chippendale et al. (2004) estimated the ages of branches corresponding to M, Q, and R using penalized likelihood and branch lengths derived from the nuclear RAG-1 gene. In all cases, the RAG-1 date estimates were considerably younger than the mitochondrial genome dates, regardless of whether an older (250 Myr) or younger (160 Myr) root date was specified. This may result, in part, from their specifying a minimum age of 7 million years to several branches based on Lower Miocene (Arikareean) fossil remains; this time period actually dates from ~24 tõ 19 million years ago. d Larson et al. (2003) reported a 40 million year age for the node corresponding to M based on maximum likelihood sequence divergences of unpublished data. codon position (6p) than by gene (16p) (Mueller et al., 2004) , divergence date estimates resulting from the 6p analysis were assumed to be more accurate than dates resulting from the 16p analyses. Therefore, these 6p divergence dates (Table 1) were used in an additional multidivtime analysis to estimate rates of evolution for each gene. In this analysis, the dataset was partitioned by gene (16p), but the age of each node was fixed at the 6p divergence date estimate plus or minus one million years. This analysis yielded rate estimates for each gene at 52 time points-one for each node and tip taxon in the phylogeny (See Figs. 1,2) . Homogeneity of variance in rates among different genes was tested using Bartlett's test. A Kruskal-Wallis test was performed to test for significant differences among the rates of evolution of each gene.
Estimates of F Shape Parameter a
In order to compare nucleotide among-site rate heterogeneity among genes, the F shape parameter a was estimated for each gene assuming no invariant sites. Discoglossus galganoi was not included in the analysis of a. For each gene, a full likelihood evaluation was performed in PAUP* 4.0B10 (Swofford, 1998) on Gene FIGURE 2. Box plot depicting the estimated rates of evolution of each mitochondrial gene. Each box plot contains the estimates of evolutionary rate at each node and tip of the tree for a total of 52 rate estimates per gene. Box plots show a line at the median rate, a surrounding box containing the middle 50% of the data, and whiskers extending to encompass the middle 80% of the data. Dots indicate outlier points.
the whole-genome topology with the following model and parameter settings: (1) the best-fitting model of nucleotide substitution selected using AIC implemented in MrModelTest (v.l.lb); (2) invariant sites = 0; (3) rate substitution matrix and nucleotide frequencies estimated from the data; and (4) the number of rate categories for among-site rate variation = 5.
Individual Gene Phylogenetic Analysis
Each of the 13 total protein-coding genes was partitioned by codon position (Brandley et al., 2005; Nylander et al., 2004) . rmS and rrnL were partitioned by stems and loops according to secondary structure (Gutell and Fox, 1988; Titus and Frost, 1996) , and analyses were performed on both partitioned and unpartitioned datasets for these two genes. All tRNAs were concatenated and analyzed together; because many loop regions were excluded from the alignment, the tRNAs were not partitioned by stems versus loops. For each partition in each individual gene, the best-fitting model of nucleotide substitution was selected using AIC implemented in MrModelTest (v.l.lb) . Likelihood scores for model selection were estimated on an ME tree constructed from the whole salamander genome dataset. Discoglossus galganoi was not included in the individual gene phylogenetic analyses.
Bayesian phylogenetic analyses were performed on each individual gene using the software package pMrBayes (parallel MrBayes, v.3.0b4) (Huelsenbeck and Ronquist, 2001) . Flat Dirichlet distributions were used as priors for substitution rates and base frequencies, and default flat prior distributions were used for all other parameters. MC 3 analyses were run with one cold and three heated chains (temperature set to the default = 0.2) for 15 million generations and sampled every 1000 generations; the first 10 million generations of each analysis were discarded as burn-in. Andrias davidianus + Ranodon sibiricus was defined as the outgroup in each analysis.
Phylogenetic Performance of Individual Genes
Trees generated by individual gene analyses were compared to the whole-genome topology (Fig. 1) . Although both biological and methodological reasons exist why this mitochondrial gene tree may not accurately depict species-level or genome-level historical branching events (Ballard and Whitlock, 2004; Maddison, 1997) , a majority of the clades are also recovered and supported by analyses including the nuclear RAG-1 gene and morphological characters (Chippindale et al., 2004) . For each of the 16 individual gene trees, all recovered branches with PP > 0.95 were scored as either "expected" or "unexpected" if they were present or absent with PP > 0.95 in the whole-genome phylogeny, respectively; these branches will be referred to as expected and unexpected hereafter.
Test of Predictors of Phylogenetic Utility
Ordinal logistic regression analysis was performed to determine whether each gene's length, evolutionary rate, and/or among-site rate heterogeneity (a) were good predictors of phylogenetic performance. The proportion of the total expected branches recovered with PP < 0.95 was defined as the dependent variable; gene length, mean evolutionary rate, and a were defined as independent variables (see Rokas et al., 2003 , for an alternative 294 SYSTEMATIC BIOLOGY VOL. 55 regression approach to the analysis of phylogenetic performance). The number of incorrect branches recovered by each gene was not included in this statistical analysis and was addressed separately.
Tests of Patterns of Molecular Evolution
Statistical tests for independence of changing rates of evolution among different portions of the mitochondrial genome were performed. The software package multidivtime was used to test whether changes in evolutionary rate were correlated among individual genes (e.g., cob and nadl) and among codon positions across individual genes (e.g., all first codon positions and all second codon positions). The value of a rank correlation statistic for each pair of genes or codon positions was compared against a distribution of the statistic under the null hypothesis of uncorrelated rate changes over time (Thome and Kishino, 2002) . Following Bonferroni correction, an a value of 0.0004 was adopted for each comparison among genes (global a = 0.05), and an a of 0.017 was adopted for each comparison among codon positions (global a = 0.05).
A test was also performed to identify differences in rates of evolution among mitochondrial genes belonging to different functional groups. Genes were grouped according to function: atp6 and atp8 code for portions of the ATP synthetase complex; coxl, coxl, cox3, and cob code for portions of the cytochrome oxidase complex and cytochrome-b; and nadl, nadl, nad3, nad4, nad4L, nad5 , and nad6 code for portions of the NADH dehydrogenase complex. The two ribosomal RNA genes and the tRNA genes were combined. Pairwise comparisons among members of each functional category were performed using the Mann-Whitney test. The ATP synthetase complex genes were excluded because the short length of both genes likely results in sampling error. Following Bonferroni correction for the number of pairwise comparisons (3), an a value of 0.017 was adopted for each comparison (global a = 0.05).
RESULTS

Divergence Dates
Inclusion of an additional frog outgroup sequence placed the root of the salamander tree between Andrias davidianus + Ranodon sibiricus (Cryptobranchoidea) and the remaining representative salamander lineages (Salamandroidea), in accordance with other studies (Wiens et al., 2005 , but see Weisrock et al, 2005) . The topology was otherwise identical to that obtained without the frog outgroup (Fig. 1) . Table 1 shows divergence dates estimated based on this rooted topology using both penalized likelihood implemented in r8s (Sanderson, 2002) and Bayesian MCMC methods implemented in multidivtime (Thome and Kishino, 2002) with six data partitions. All penalized likelihood estimates fall within the Bayesian 95% confidence intervals. Ages of nodes range from 44 to 216 million years old. The split of Plethodontidae from Rhyacotriton variegatus, its closest relative in this analysis, is estimated at 185 million years by the Bayesian analysis (Branch S); penalized likelihood dates this divergence at 175 million years. The basal split within Plethodontidae (Node R) is estimated at 129 and 127 million years by the Bayesian and penalized likelihood analyses, respectively. Fossil data provided minimum dates for four nodes (K, N, O, and V) in addition to the root. In the former three cases, molecular divergence date estimates are much older than the fossil dates; all date estimates therefore depend heavily on the constraints placed on the root and node V.
Rates of Molecular Evolution and Rate Heterogeneity
Estimated rates of evolution for each gene are shown in Figure 2 . Median rates for each individual gene range from 0.0703 substitutions/site/100 Myr in rrnL to 1.043 substitutions/site/100 Myr in coxl. Rates are significantly different from one another overall (P < 0.0001). Variances are quite different among genes and are significantly heterogeneous (P < 0.0001). The three cytochrome oxidase genes and cob have the largest variances in rate. Values of the F shape parameter a for nucleotide sequences, estimated with no invariant sites, are listed in Table 2 and range from 0.112 (coxl) to 0.509 (concatenated tRNA genes).
Phylogenetic Performance of Individual Genes
No individual gene analysis recovers and supports with PP < 0.95 ("recovers" hereafter-branches that were recovered but assigned a PP < 0.95 were not considered) all of the 21 expected branches in the whole-genome topology (Fig. 1) . The number of expected branches recovered by each gene ranges from 1 to 14, and the number "Length shows the number of unambiguously alignable base pairs/total length of the alignment.
"Mean rates of evolution are in number of substitutions per nucleotide site per 100 million years. Standard deviations are given in parentheses.
c a Describes the among-site rate heterogeneity of the nucleotide sequence, estimated with no invariant sites. Length, rate of evolution, and a were included in the logistic regression analysis to determine their impact on phylogenetic performance.
rf See Discussion for the relevance of amino acid ML distances.
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of unexpected branches recovered ranges from 0 to 2. Both unpartitioned and partitioned analyses of rrnS recover 11 expected branches and one unexpected branch. In contrast, partitioning rrnL by stems and loops decreases the number of expected branches recovered by one and increases the number of unexpected branches recovered by one. Table 3 shows all of the mitochondrial genes ranked by their phylogenetic performance. For each gene, the numbers of both expected and unexpected branches recovered are shown. rrnL and nad4 recover the highest number of expected branches, whereas atp8 recovers the lowest number of expected branches. Table 3 also summarizes which expected branches from the wholegenome topology were recovered by each gene, and the lengths of the internal branches in the whole-genome topology (Mueller et al., 2004) .
Predictors of Phylogenetic Utility
Logistic regression specifying proportion of expected branches recovered as the dependent variable and mean rate of evolution, gene length, and a as independent variables demonstrated that both rate of evolution (P = 0.0054, standardized logit coefficient = -2.78) and gene length (P = 0.0005, standardized logit coefficient = 3.51) affect the probability of recovering expected branches. Genes with lower rates of molecular evolution have a higher probability of recovering expected branches than do more rapidly evolving genes. As expected, longer genes have a higher probability of recovering expected branches than do shorter genes, coxl is a notable exception; although it is the second longest gene, it is tied for eighth place in the number of expected branches recovered. In general, longer genes also recover a higher number of incorrect branches. rrnL, cob, and coxl are exceptions; despite their length, none recovers any incorrect branches. The value of a, which indicates increased rate heterogeneity among sites as a approaches 0, is not significantly related to the proportion of expected branches recovered (P = 0.1466). Table 2 summarizes the following results for each gene: (1) the total length of each gene alignment and the number of unambiguously alignable positions; (2) means and standard deviations of nucleotide substitution rate; (3) the value of the F-shape parameter a for among-site rate heterogeneity in the nucleotide sequence, assuming no invariant sites; and (4) means and standard deviations of amino acid ML distances.
Patterns of Molecular Evolution
Thirty-six out of the 120 total pairwise rank correlation comparisons among genes indicate correlated changes in the rates of evolution (Table 4) . Five of the six total comparisons among the four genes coding for portions of the cytochrome oxidase complex and cytochrome b {coxl, coxl, cox?>, and cob) indicate correlated changes in evolutionary rate. In contrast, only 6 out of the 27 total comparisons among the seven genes coding for portions of the NADH dehydrogenase complex (nadl, nadl, nad3, nad4, nad4L, nad5 , and nad6) indicate correlated changes in evolutionary rates. Rates of evolution at the first and second codon positions combined across all protein-coding genes are correlated with one another (P < 0.001), but rates of evolution at the third codon position are independent of rates at both the first and second positions. All three pairwise comparisons among functional categories of genes (cytochrome oxidase complex proteins 4-cob, NADH dehydrogenase complex proteins, and ribosomal + transfer RNAs) indicate significant differences in rates of evolution among these functional groups (P < 0.0001).
DISCUSSION
Phylogenetic Performance of Individual Mitochondrial Genes
Previous studies have addressed the phylogenetic performance of individual mitochondrial genes or noncontiguous subsets of nucleotides by comparing individual gene/subset trees against a known reference topology using the Templeton test (Miya and Nishida, 2000; Zardoya and Meyer, 1996) , KH test (Zardoya and Meyer, 1996) , SOWH test (Rokas et al., 2002) , topological distance (Russo et al., 1996) , contraction/decontraction metric (Cummings et al., 1995) , and support levels for "benchmark," non-controversial clades (Springer et al., 2001 ). Zardoya and Meyer (1996) examined the ability of individual mitochondrial protein-coding genes to recover two expected vertebrate phylogenies at different time depths (>300 Myr and 5-100 Myr). Genes were grouped by the authors according to phylogenetic performance: "relatively good " (nad4, nad5, nad2, cob, and coxl); "medium" (coxl, cox3, nadl, and nad6); and "poor" (atp6, nad3, atp8, and nad4L) . Rates of evolution were estimated by plotting the log of Kimura two-parameter distances against the log of fossil-based divergence times, but no simple correlation was found between these rate estimates and a gene's phylogenetic performance. Miya and Nishida (2000) examined the ability of each mitochondrial protein-coding gene and the concatenated tRNAs to recover an expected teleost phylogeny (<220 Myr) and grouped genes according to their phylogenetic performance: "very good" (nad4, nad5, coxl, cox3); "good" (cob, cox2); "medium" {nadl, nad3); "poor" (nadl, atp6); and "very poor" (atp8, nad6, nad4L). Russo et al. (1996) also examined the effects of gene length and sequence divergence on each mitochondrial protein-coding gene's ability to reconstruct a known vertebrate phylogeny (>300 Myr). Nucleotide sequences of nad4, nad5, nad6, nadl, and cob were each able to recover the correct topology under at least one method of analysis, and gene length was inferred to be the best predictor of phylogenetic utility. Springer et al. (2001) performed pairwise comparisons of the phylogenetic performance of four mitochondrial gene datasets (cob, coxl, nadl and rrnS + trnV + rrnL) and eight nuclear gene data sets, corrected for length by the variable-length bootstrap, by comparing the support levels that each assigned to Expected branches are branches that were recovered and assigned a PP > 0.95 in the reference topology (Fig. 1) , which resulted from analysis of the whole genome dataset (Mueller et al., 2004) . Unexpected branches were either not recovered, or recovered and assigned a PP < 0.95, in analysis of the whole genome dataset.
c Letters refer to the branches in the reference topology (Fig. 1) , and numbers in parentheses beneath the letters are branch lengths from a partitioned Bayesian analysis with 42 data partitions of the complete mitochondrial genome dataset (Mueller et al., 2004) . The branches recovered and assigned a PP > 0.95 ("recovered") by each gene are indicated by two asterisks.
' Bayesian divergence dates for these branches, presented in more detail in Table 1 , are listed at the bottom for reference.
•^For the individual gene analyses and their comparison to the reference topology, the attachment of the root of the salamander tree was not established with the additional frog outgroup. Individual genes were scored based on their ability to recover the entire branch connecting A. davidianus + R. sibiricus to the remaining salamander lineages; this branch is referred to as "U + V." atp8 cob non-controversial deep-level mammalian clades. rrnS + trnV + rrnL performed better than the mitochondrial protein-coding genes, but all mitochondrial genes were out-performed by the nuclear protein-coding genes. The authors inferred that the lower rates of evolution and lower among-site rate variation of nuclear genes were responsible for their improved phylogenetic performance (Springer et al., 2001) ; lower rates of evolution may also underlie the superior performance of rrnS + trnV + rrnL relative to cob, coxl, and nadl.
MUELLER-PHYLOGENETIC PERFORMANCE OF MITOCHONDRIAL GENES
Comparison of the phylogenetic performances of individual genes in the current study yields some results that are consistent with these earlier empirical studies; the protein-coding genes that perform well are broadly similar (Table 3 ). In addition, the current study includes analysis of the ribosomal genes and an explicit test of the effects of rate of evolution, among-site rate heterogeneity, and gene length on phylogenetic performance. As expected, but not demonstrated in earlier empirical studies, rate of evolution affects the phylogenetic performance of mitochondrial genes. At the time scale addressed in this analysis, genes with lower rates of evolution have a higher probability of recovering expected branches, but this relationship is expected to be different at shallower time scales. Researchers working on recent divergences may choose to use these rate estimates to select a rapidly evolving marker. Among-site rate heterogeneity (a) is not statistically significantly related to Bayesian phylogenetic performance based on logistic regression. Gene length is shown to be the primary predictor of phylogenetic performance. Finally, because the mean and standard deviation of rates are correlated (R 2 = 0.8, P < 0.0001) (see Fig. 2 ), among-lineage variation in rate of evolution, in addition to rate itself, may contribute to a gene's phylogenetic performance and should be the topic of further study.
Molecular markers should have an "error" rate <5%, the rate at which unexpected/false branches may be assigned a PP < 0.95 in a Bayesian phylogenetic analysis. Overall, these analyses assigned a PP < 0.95 to a total of 12 unexpected branches out of a total of 384 possible branches for a total "error" rate of 3.1%. Four genes or gene groups {nadl, nadb, nadl, and the concatenated tRNA genes) had higher-than-expected rates of false positives (8.3%), indicating possible model misspecification, prior misspecification, or sampling error in the data. These error rates, in addition to the number of expected branches recovered, should be considered when selecting a mitochondrial marker.
Overall, shorter internal branches (e.g., A, G, H, I, K, P) were recovered by fewer individual genes, or not recovered by any gene, whereas longer internal branches were recovered by multiple genes (Table 2 ) (R 2 = 0.63, P < 0.0001). Other internal branches of comparable age, but longer length (e.g., J, Q), were recovered by multiple genes, and the same gene frequently recovered both the youngest and oldest branches. This may indicate that the inability of any given mitochondrial gene to reconstruct a branch in the plethodontid salamander phylogeny results from insufficient changes along shorter branches rather than from inappropriate rates of evolution for a particular temporal scale of analysis within the scale investigated in the current study.
Molecular Evolution Across the Mitochondrial Genome
Previous studies have reported low amino acid divergences in the cytochrome oxidase genes (coxl to cox3) and cob relative to other mitochondrial genes in diverse animal taxa (Lopez et al., 1997; Lynch and Jarrell, 1993; Russo et al., 1996) . Similarly, in plethodontids, coxl to cox3 and cob have the four lowest amino acid distances of the 13 protein-coding genes. However, coxl to cox3 and cob have the four highest mean rates of nucleotide substitution (Table 2) . Such low amino acid divergence, coupled with high rates of nucleotide substitution, suggests that a majority of substitutions are occurring at the third codon position. Therefore, the high overall rates of molecular evolution in coxl to cox3 and cob are caused by high relative rates of third position mutations. Rates of evolution at the third position vary among mitochondrial genes 298 SYSTEMATIC BIOLOGY VOL. 55 based on the proportion of total possible third position mutations that are synonymous. This proportion varies based on both amino acid composition (and therefore codon usage and average redundancy class) and base composition (Bierne and Eyre-Walker, 2003; Kondo et al., 1993; Yang and Nielsen, 2000) . The exceptionally large rate variation in coxl, if it accurately depicts historical processes, may indicate functional constraints on the coxl sequence that cause its rates of synonymous substitution to be highly sensitive to changes in amino acid composition, base frequencies, or the interaction between the two. The high rate heterogeneity in all of the cytochrome oxidase genes and cob is reflected in their low values of the F shape parameter a. High rate heterogeneity may be expected to negatively affect the phylogenetic performance of genes because some sites experience few or no substitutions while others are likely to accumulate multiple hits (Graybeal, 1994; Yang, 1995 Yang, ,1996 Yang, ,1998 . On balance, a high number of possible synonymous third position substitutions results in slower third position saturation. This is reflected in the shape of saturation plot curves (results not shown) and may be expected to improve phylogenetic performance of the cytochrome oxidase genes and cob relative to more rapidly saturating genes. Logistic regression analysis shows that, overall, the value of a is not significantly correlated with phylogenetic performance in these model-based Bayesian analyses. The low rates of evolution of ribosomal and transfer RNA genes likely reflect the different functional constraints on nucleotide positions in these genes relative to proteincoding genes. Neither transition nor transversion plots suggest saturation for any of these three datasets. In contrast, transitions are saturated at the third codon position in all protein-coding genes and, in many cases, at the first or first and second positions as well (results not shown).
Five of the six total comparisons among the three cytochrome oxidase genes and cob indicate correlated changes in rates of evolution. In contrast, only six out of the 27 total comparisons among the seven genes encoding portions of the NADH dehydrogenase complex indicate such correlation (Table 4) . This difference in the degree of correlation between these two groups of genes may result from the same processes underlying the lower values of the F shape parameter a in coxl, coxl, cox3 and cob. The high rate heterogeneity (low a) of these genes reflects low rates of substitution at the first and second codon positions and high rates of substitution at the third codon position, and the high third position rates likely reflect increased levels of possible synonymous substitution. A greater proportion of mutations in coxl, coxl, cox3 and cob than in other protein-coding genes may therefore be invisible to selection. Thus, the overall rates of evolution in these genes may more strongly reflect underlying mutational processes, leading to their correlated rates of evolution. This process may also underlie the overall difference in rates between the cytochrome oxidase functional complex + cob and the NADH dehydrogenase functional complex.
Because of the asynchronous way in which mitochondrial DNA is replicated, much of the heavy strand is single-stranded during replication (Clayton, 1982) . Single-stranded DNA is more susceptible to certain types of mutations (Faith and Pollock, 2003; Reyes et al., 1998) . As expected, no simple correlation between overall rate of molecular evolution and amount of time spent singlestranded is seen in this study (Nedbal and Flynn, 1998) ; coxl is single-stranded for the least amount of time, but has the highest overall rate of nucleotide substitution. However, because distance from the origins of replication causes heterogeneous mutation pressure across the genome, this distance may indirectly affect rates of evolution by its differential effect on base composition among genes, which in turn affects the number of possible synonymous substitutions.
DNA Barcoding
DNA barcoding, or the use of molecular data both to assign unidentified individuals to taxonomic groups in the absence of taxonomic expertise and to uncover previously unidentified cryptic species, has been debated extensively in recent literature (Besansky et al., 2003; Moritz and Cicero, 2004; Tautz et al., 2003; Will and Rubinoff, 2004) . Proponents claim that a unified, systematic approach to the cataloging of biodiversity may expedite the goal of understanding the natural world. Opponents argue that reducing biological complexity to several hundred bases of DNA sequence may do a disservice to the taxonomic and broader biological community. A discussion of the merits and limitations of DNA barcoding is beyond the scope of this paper and has recently been undertaken elsewhere (Moritz and Cicero, 2004) . However, analyses presented here are relevant to the choice of coxl as an appropriate molecular barcode (Hebert et al., 2004a; Pfunder et al., 2004) . The ability to group an individual with its conspecifics and/or uncover cryptic species using a DNA barcode depends on the percent sequence divergences both within and among species in the "profile." Although several proponents of DNA barcoding explicitly state that they are uncovering molecular operational taxonomic units (MOTUs) (Blaxter, 2004; Floyd et al., 2002) rather than biological species (however defined), this clustering of sequences depends on low within-MOTU sequence divergence relative to among-MOTU sequence divergence. A threshold value of 10 times the average within-species sequence divergence has been proposed; individuals with barcodes exceeding this threshold are designated as members of a "provisional species" (Hebert et al., 2004b) . The use of such clustering to identify putative species assumes a gradual, allopatric model of speciation (Hebert et al., 2004b; Moritz and Cicero, 2004) and can be misleading if the evolutionary rate of the DNA barcode is highly variable, because this implies that accumulation of genetic distance does not always proceed at the same rate relative to time since isolation, coxl appears to have the most rate variation of all the mitochondrial genes, at least in this clade of amphibians. If this variance accurately reflects historical processes, coxl is thus most likely to be misleading in this regard. If coxl continues to be used as a barcode, it will be important to address the effects of such rate variation on the efficacy of coxl in taxon identification or discovery.
CONCLUSIONS
Results presented in this paper suggest that rrnL (not partitioned by stems versus loops) and nad4 recover, with high support, the most expected branches in a topology spanning a time depth of 44 to 216 million years. Estimated rates of molecular evolution vary 84-fold among different mitochondrial genes and different plethodontid lineages. Comparisons of amino acid ML distances and nucleotide substitution rates suggest that differences in rates of molecular evolution may result in part from differences in numbers of possible synonymous substitutions among genes; the cytochrome oxidases and cob have the highest such numbers. These differences may account for the correlation in rates among the cytochrome oxidase genes and cob and, by extension, the rate difference between the cytochrome oxidase genes + cob and the NADH dehydrogenase functional complex genes. Because of its high rate variation, conclusions based on within-versus among-species sequence divergence in coxl should be made with caution. Further analysis of comparable datasets in other taxa will address the extent to which these conclusions can be generalized.
